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Spectrometry Imaging (MSI) 199 2·1 Preparation of frozen cross-sections of Panax ginseng and Capsicum fruits 2·2 MALDI-MSI visualization of biomolecules during biological analysis, the matrix-assisted laser desorption/ionization (MALDI) [9] [10] [11] MS-based imaging technique was developed. [12] [13] [14] Twodimensional MS measurements of biomedical tissues are achieved at regular intervals to image analyte distribution. Reconstruction for target signals is given as an ion image ( Fig. 1) . From one section and a single measurement, MS imaging (MSI) enables simultaneous detection of multiple analytes even in the absence of the target-specific markers such as antibodies. Capriori and Stoeckli have analyzed normal tissue sections from mouse brain and human brain tumor xenograph sections. For specific molecular images, they acquired data in a window delimited by two mass-to-charge (m/z) units on either side of the molecular peak. Some protein signals were found to be highly specific for a given brain region. For example, the protein detected at m/z 8258 was present in the regions of the cerebral cortex and the hippocampus; the protein at m/z 6716 was localized in the regions of the substantia nigra and medial geniculate nucleus. 13 They revealed the localization of endogenous molecules. Sugiura et al. have used MALDI MSI combined with capillary electrophoresis to image energy metabolism in the hippocampus of mice. They revealed the distribution of ATP, ADP and AMP in the hippocampus as well as changes in their amounts and distribution patterns in a murine model of limbic, kainate-induced seizure. As an acute response to kainate administration, massive and moderate reductions in ATP and ADP levels were found, respectively, but no significant changes in AMP levels were observed, especially in cells of the CA3 layer. 15 They reported the changes of energy metabolite by acquired cause like kainite administration. The number of publication on MSI has increased over the years. Notably, the volume of reports on food analysis via MSI accounts for about half of the total (Fig. 2) . MSI that was initially developed for medical field applications has thus come to play an important role in the food chemistry, engineering and nutrition fields. Recently, advancements have been made in plant breeding by developing plant food with enriched nutrition. It is expected that MSI will be a suitable method to reveal localization and composition of target nutrients in plant food. In this review, the authors introduce MSI procedures and plant food, focusing on Panax ginseng and Capsicum fruit, to apply the new visual analysis method.
Concept for Food Analysis by Mass Spectrometry Imaging (MSI)
Food consumption is essential for life and human health. But low quality food with poor nutrition a content can lead to impaired health. Thus we must investigate the constituents in food, scientifically. Liquid chromatography/electrospray ionization mass spectrometry (LC/ESI-MS) has been used to determine the content of nutrition in extracts of fresh samples. [16] [17] [18] However, this method requires the preparation of extracted samples with cumbersome pretreatment and lacs spatial information of target molecules. The advantage of MSI is that it is an easy optical method for optical type to understanding the localization of target molecules due to direct detection from a sample section that maintains spatial information. Therefore, we would be able to analyze localization of functional constituents of plant food samples as well as that of animal tissues. Zaima et al. found that the metabolites in rice can be visualized and identified by MALDI-MSI. 19 Lysophosphatidylcholine was localized in the endosperm. Phosphatidylcholine, γ-oryzanol and phytic acid were localized in the bran, and α-tocopherol was distributed in the germ. This approach can contribute to the assessment of metabolites and screening of nutritional food factors in rice. The MSI method can be widely used in various fields to visually uncover molecular identification and localization.
As other representative plant food samples, Panax ginseng 20 and Capsicum fruit 21 are well known as natural medicines as well as food products. Many pharmacological properties of glycoside ginsenoside and the alkaloid capsaicin have been reported. Previous reports described the effects of ginsenosides and capsaicin on the nervous system [22] [23] [24] for antimicrobial, 25 anti-tumor 26 and anti-stress treatments. 27 Visualization of functional constituents present in plant tissues is a new and useful technique in the screening of plants that have high pharmacological activities that are traditionally used in natural medicine as well as for the evaluation of food quality.
2·1 Preparation of frozen cross-sections of Panax ginseng
and Capsicum fruits Panax ginseng roots were purchased from Zen-Noh, Japan. After 6 years of cultivation at Daikonjima in Japan, the roots were harvested in 2008. Capsicum annuum Linnaeus var. cerasiforme Bailey was used. The harvested fruits for MALDItime of flight (TOF)-MSI were cut from the root of Panax ginseng or the body of Capsicum fruits using a blade and the resultant frozen sample piece axially set in a cryostat (CM-3050 S; LEICA, Germany) at -20 C. Next, they were cut into serial sections (50 μm) and thaw-mounted on a target plate for MSI. The target plate for MS and MSI with the section was evacuated for 10 min to dry the section.
Saturated α-cyano-4-hydroxycinnamic acid (CHCA) as matrix (Sigma, USA) was dispersed in 8 mL of acetonitrile/water (50/50, v/v). The suspension was centrifuged, and the supernatant fluid was sprayed on a target plate with the sections using an airbrush (nozzle caliber, 0.2 mm), while the CHCA matrix solution was applied to the section.
2·2 MALDI-MSI
MALDI-TOF MS instrument (Synapt High Definition MS; Waters, USA for Panax ginseng and Voyager-DE-RP; Applied Biosystems, Germany for Capsicum fruits) using N2 laser emitting at 337 nm was used to achieve MSI. In order to detect the laser spot area, the sections were scanned and laser spot areas were detected with a spot-to-spot center distance of 100 μm in each direction at the center and the tip of the root and of 250 μm in each direction of the whole Capsicum fruits. The tissue surface was irradiated with 100 laser shots in the positive ion detection mode. The remaining intensities constituted the set of variables that was used for statistical analysis.
MSI for Panax ginseng
Ginseng is one of the plants that is well known as a natural medicine. It is mainly used as a general tonic. We refer to the genus Panax, which includes Panax ginseng C.A. Meyer (Korean ginseng) and Panax quinquefolius L. (American ginseng). The major pharmacologically active constituents of ginsengs are ginsenosides, which can be classified as protopanaxadiol and protopanaxatriol. The plant samples almost certainly show individual differences, which have a direct influence on nutrient effect or pharmaceutical efficacy.
As a typical procedure of MALDI-MSI, first, we confirmed ionization of a standard sample for target molecules. Next, the standard sample dropped section was analyzed to confirm ionization of the standard sample on section. Finally, we conducted imaging mass spectrometry experiment. Standard ginsenosides(G-) Rf (Mw 801.5) and G-Rb1 (Mw: 1109.3) mainly showed sodium and potassium adducted ion forms, respectively. As structural analysis, tandem MS was also achieved. Standard G-Rf and G-Rb1 showed a specific pattern of the precursor ion at m/z 823.5 and m/z 1147.5. Significant information such as molecular mass, aglycone moiety and sugar unit were produced, allowing for the identification of the constituents. A number of high-intensity signals, including molecular weight corresponding to ginsenosides, were detected in the mass spectrum obtained from the root seeped with CHCA (Fig. 3a) . We could identify the signal of m/z 823.5 and 1147.5 as G-Rf and G-Rb1 by MS/MS analysis.
MALDI MSI with the root samples of Panax ginseng are shown in Figs 3b -3e. Successive lateral root and fibril sections were stained with toluisine blue (TB) for identifying the regions where MSI was performed (Fig. 3b) . The vascular bundle, cortex, and pericarp regions of the root were defined. The reconstituted MS image indicated that distinct localizations of G-Rf and G-Rb1 were observed at m/z 823.5 and 1147.5 (Figs. 3c  and 3d) . Panax ginseng condensed these ginsenosides in the pericarp and a part of the cortex in the center of the lateral root and the entire fibril. In contrast, lower MS intensities were observed in the vascular bundle. High MS intensity was detected radially in the cortex, indicating that this portion consisted of living cells, i.e. the radial parenchyma. Radial parenchyma is involved in the transport and storage of nutrient elements and production of secondary metabolites. We hypothesize that the image result reveals the storage of glycosides as a secondary metabolite in the radial parenchyma. The ginsenosides at the main root were also investigated and found to have similarly localized as at the lateral root. However, the volume of ginsenosides was less than that in the fibril. Generally, the fibril was discarded in the processing step to make a commercial product. The MSI results provided a visual of the enrichment portion of the functional nutrients. In this result, the fibril portion has an added value as a condensed portion of functional nutrient. Additionally, we imaged m/z 184.0 (diquat: [M+H] + ) as pesticide, which showed no pesticide residue in the root (Fig. 3a inset and 3e) . MSI can thus be applied to food inspection for exogenous substances.
A semiquantitative analysis was performed by correlating the MS intensities and root layer structures. The total MS intensity per unit area at the lateral root was lower than that at the fibril. The ginsenosides were localized in the bundle, cortex, and pericarp. Ginsenosides were more abundant in the fibril as compared to the lateral root (Fig. 3f) . The pericarp contained greater amounts of G-Rf than the inner portion of the root. A significant difference was detected between MS intensity in the vascular bundle and the cortex or pericarp of the lateral root. For m/z value of 1147.5, the signal intensity correlated with G-Rb1 in the cortex and the pericarp were higher than that of the vascular bundle at the lateral root and fibril, although no significant difference was observed from every assortment (Fig. 3g) . Tani et al. described the quantitative evaluation of ginsenosides in each region of the root by gas chromatography; the reports indicated that ginsenoside groups were concentrated to a greater extent in the lateral root. 28 This finding is in good agreement with the results of our ion image of ginsenosides. In addition, we found that ginsenosides were similarly localized in the radial parenchyma and tip region.
MSI for Capsicum Fruits
Capsicum fruits contain capsaicinoids, a family of compounds that give them a pungent taste; the fruits are used as not only a spice but also a natural gastrointestinal medicine. Capsicinoids are alkaloids that are composed of the amide vanillylamide and C9 to C11 chain fatty acid. Capsaicin in Capsicum fruits has been also reported by ESI-MS. 29 The difference of localization of capsicin in Capsicum fruits was anatomically investigated by MSI. The correlated signal of capsaicin (m/z 306.2 [M+H] + ) was detected from the Capsicum fruits section at the placenta, pericarp and seed regions, respectively, seeped with CHCA. The obtained signal for m/z 306.2 was analyzed by post source decay (PSD) MS to determine the chemical structure. The PSD spectrum showed a specific pattern of the precursor ion at m/z 306.2 and two derivative ions at m/z 182.1 (8-methyl-6-nonenamide moiety) and 137.0 (2-methoxy-4-methylphenol moiety) as fragment ions, respectively (Fig. 4) . The highest signal intensity for m/z 306.2 was detected from the placenta, rather than other pericarp and seed regions. The ratio of signal intensity of the placenta, the pericarp and the seed was 33:10:1. Capsaicin was most distributed in the placenta region, semiquantitatively.
MALDI-TOF-MSI with the Capsicum fruits to visually prove localization of capsaicin was achieved at a resolution of 250 μm. Successive lateral Capsicum fruit sections were prepared for identifying the regions where MSI was performed; further, the placenta, pericarp, and seed regions were defined (Figs. 5a and 5b). MS images showed specific localizations of capsaicin at the placenta, pericarp, and seed regions, respectively (Fig. 5c) . The highest MS intensity of capsaicin at placenta region was observed compared with other portions. Capsaicin was unevenly distributed in the inner portion and was more abundant in the placenta surface. The amount of capsaicin in the seed part was much less than in the placenta (Fig. 5d) . To protect the seed from foreign foe, such as by bacteria and fungi, the capsaicin works as an antibacterial agent or fungicide as a second metabolite. Capsicum seeds take hold on the placenta region and receive produced capsaicin as an antibacterial agent from the placenta surface. Therefore, the seeds do not need to produce capsaicin themselves to defend from enemy attack. MSI gives us visual plant physiological information. A semiquantitative analysis indicated that a significant difference between the MS intensities at the pericarp and the seed, placenta and pericarp, respectively, were detected at m/z 306.2. The capsaicin locally existed at the placenta surface compared with that of the inner region. The localization between adverse side and inward of capsaicin was evaluated. A significant difference was observed between MS intensities in the surface and the inward at the placenta region (Fig. 5e) . Our resultant image visually revealed botanic instinct in the nature. In addition, the placenta region of Capsicum fruit can be used as the reasonable gastrointestinal medicine as well as the condiment for our wellness.
Conclusions
The authors are focusing on the analysis of functional constituents and nutrients in herbal medicine products as well as food products by MSI to apply the technique to quality assurance. MALDI-MS imaging is an effective technique for the identification and visualization of functional constituents such as ginsesonides in Panax ginseng root and capsaicin in Capsicum fruits without the need for any marker. This method can be applied to a new screening method for raw plants that exhibit a high pharmacological activity, new quality inspection system for food, and new evaluation method for plant cultivation. A nanomaterial based imaging method called nanoparticle laser desorption/ionization (nano-PALDI) MS 30 should draw greater interest due to the achievement of high spatial resolution images, such as cellular resolution. 31 Accordingly, an integration between material and analytical fields will be a key for further advancements in MSI technology.
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